This paper presents a study on the leakage characteristics of a labyrinth piston compressor. A computational fluid dynamics model was applied to predict the effects of different structural parameters of the labyrinth seal on the sealing performance. The velocity field through the sealing clearance and labyrinth cavity was demonstrated and analyzed. An experimental rig was built to validate the simulation model, and the results of the simulation and experimental data showed a good agreement. The effects of the cavity width, cavity depth, tooth thickness, and clearance of the seal on the leakage characteristics were discussed in detail. The results showed that, except for the significant influence of the labyrinth clearance, / (the ratio of cavity depth to labyrinth clearance) should be bigger than 2.7 to achieve the minimum leakage flow, and the effect of the varied cavity width can be ignored. Moreover, when the piston length and cavity width remain constant, the thinner the tooth thickness, the greater the number of labyrinth cavities that can be arranged, and the higher the sealing performance achieved.
Introduction
In the labyrinth piston compressor shown in Figure 1 , a noncontact labyrinth seal was used between the piston and cylinder wall, as well as between the piston rod and packing. The annular labyrinth grooves were machined around the piston, piston rod, and cylinder wall, and as indicated in the sectional view, there are many small cavities on the two sides of the tiny labyrinth channel. In the compressor, the internal leakage is the main source of leakage rather than external leakage, and thus the labyrinth structure on the piston has been mostly discussed.
By using a labyrinth seal instead of a piston ring, the reciprocating compressor has many advantages, such as oil-free gas compression and transport, nonlubricated maintenance, and no friction loss. A labyrinth piston compressor can provide environmentally friendly products as high purity gases and can be widely used in various industries [1] . However, the wider application of labyrinth piston compressors has been limited because they show a worse sealing performance compared to traditional compressors, which have piston rings.
Thus, studying the influence of the structural parameters of a labyrinth seal has a great significance in optimizing the sealing performance in labyrinth piston compressors.
As early as in 1908, Martin [2] began studying the mass flow rate in a labyrinth gap, and over the following 50 years, different types of analytical calculation methods of a labyrinth seal flow were explored [3] [4] [5] [6] . In the late twentieth century, a series of experimental and numerical studies were carried out to investigate the labyrinth mechanism in rotating machinery [7] [8] [9] . Later, many researchers began continuously enriching the labyrinth used in rotating machinery, and by the beginning of the 21st century, valuable research results on the labyrinth seal in rotating machinery began being published [10] [11] [12] [13] [14] .
Wang et al. [15] simulated the distribution of a static flow field on two kinds of seals, and their results showed that a stepped labyrinth is more efficient than an interlocking seal. Suryanarayanan and Morrison [16] [17] [18] studied the relationship between the flow coefficient and transmission coefficient inside the labyrinth channels in detail, and the influence of the tooth type, compression ratio, clearance, and Reynolds number were obtained. Kim and Cha [19] combined the computational fluid dynamics (CFD) method and a theoretical analysis to discuss the influence of the structural arrangement and pressure ratio on the sealing efficiency and found that a stepped labyrinth seal is more efficient when the labyrinth clearance is larger. Bozzi et al. [20] performed a more detailed analysis on the heat transfer in a labyrinth seal. Pugachev et al. [21, 22 ] used a CFD model to research the direction of the main vortex in a short chamber with a backward-facing step and numerically and experimentally verified that the segmentation negatively affects the leakage performance and stiffness coefficients of the brush-labyrinth sealing configuration. Yuan et al. [23] established a CFD model to optimize the seal design for supercritical carbon dioxide in turbomachinery, and the model was then confirmed based on the experimental results.
The majority of studies on labyrinth seals are concentrated on rotating machinery, whereas very few studies have targeted the labyrinth piston compressors directly. Because the piston only does reciprocating motion and is shaped like a column, many of the conclusions that were drawn from rotating machinery are no longer suitable for labyrinth piston compressors. For example, the stepped labyrinth seal, which is proved to be more efficient than the straight seal, is unsuitable for application in reciprocating compressors.
Effectively controlling the gas leak is a serious and difficult technical problem for the labyrinth piston compressor. To guide the design of a labyrinth seal in the compressors, determining the influence of the structural parameters of a labyrinth on the sealing performance is important. In this study, the effects of various structural parameters, such as the labyrinth clearance, the width and depth of the labyrinth cavity, and the number of labyrinth cavities, were numerically investigated, and the simulation method was verified experimentally.
Simulation Method

Geometrical Model.
According to Meng and Xia [24] , isosceles trapezoid and triangle shaped cavities achieve the best sealing effect compared with circular, rectangular, and right-angle cavities. Considering the convenience of processing in reality, an isosceles trapezoid cavity with a circular bottom was used in this research, and the symbols for different structural parameters are depicted in Figure 2 .
To fully understand the flow field distribution in the labyrinth seal, the piston, entire labyrinth seal channel, and two compression chambers were combined as an entire structure to be simulated. The square in the middle is the piston, and the connecting rod is removed to simplify the calculation. In this research, the studied pressure ratios are 3 to 8. The original diameter of the piston is 150 mm, and the magnitude of is generally on the order of 0.1 mm. The length of the piston was chosen according to the piston stroke and mechanical design handbook. On the side of the piston, there is a slight slope in case of an interaction between the piston and inner wall of the cylinder.
In most cylinders, there are small labyrinth cavities in the inner wall, as shown in Figure 2 . Theoretically, small labyrinth cavities can assist the labyrinth cavities on the piston to strengthen the sealing effect. When the labyrinth cavities are on both sides, the kinetic energy of the high-speed airflow will be dissipated more fully through the clearance, and the effect of the labyrinth seal will be better.
Numerical Approach.
The flow rate through the labyrinth seal is the maximum leakage flow rate when the flow field becomes fully stable, and thus a steady-state simulation was carried out. The simulation of the flow field is based on a numerical solution of the basic equations of fluid mechanics, i.e., the continuity equation, namely,
The momentum balance is described as
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To consider the compressibility of the gas, the airflow is assumed to comply with the ideal gas law, and thus the state equation is as follows:
In the labyrinth channel, when the fluid flows through the tiny clearance to the cavity, a swirl flow will form. In the realizable − model, the coefficient used in calculating the turbulent viscosity was correlated with the strain rate rather than a constant [25] and thus was approved to be suitable to simulate a swirl flow. In this research, the realizable − model is used to compute the turbulence transport contribution
The boundary settings are illustrated in Figure 3 . The outlet pressure was continuously set to the ambient pressure, 0.1 MPa; the high inlet pressure varied from 0.3 to 0.8 MPa, and thus the pressure ratios were 3 to 8. The outlet temperature was the ambient temperature, 300 K, and the temperature of the inlet was set to the true temperature discharged from the air source compressor. The cylinder's outer wall made direct contact with the cooling water, which circulated in a timely manner and removed the heat from the cylinder wall instantly. The flow of the water circulation was significant, and the flow rate could be adjusted; thus, the discharge gas temperature was generally 310 to 330 K when the pressure ratio changed from 3 to 8, and the temperature of the outer wall of the cylinder was usually kept at 300 K, or almost the same temperature as the cooling water. The turbulent intensity (5%) and hydraulic diameter (half of the cylinder diameter) were defined at the inlet boundary.
Because the physical model is symmetrical on two sides, the computation model takes the half of region. The velocity is set as zero on the symmetrical wall, and the other physical quantities are completely symmetric. It can be expressed as below:
The model equations were discretized with the finite volume method. The pressure-velocity field was obtained by employing the SIMPLE algorithm, and the approximation of state variables is realized by a second-order upwind scheme. Figure 4 , in the labyrinth compressor, the cylinder wall and the compressor chambers are of different orders in terms of size with that of the labyrinth structure. A two-dimensional unstructured grid for the labyrinth and compression chamber was generated. A triangle mesh was used in the labyrinth seal part to fit the labyrinth cavity, which had a triangular shape, whereas in the parts of the cylinder wall and compression chambers, which had rectangular shapes, bigger sized quadrilateral elements were applied.
Grid Independence Verification. As shown in
The difference in scale of the flow field can be presented by setting the mesh scale of the two chambers to 10 times bigger than that of the clearance, and a rapid convergence in the calculation could also be achieved. Table 1 shows the comparison results of different mesh sizes. The "size" in the first column indicates the grid size of the two compression chambers. When the grid sizes were 1 and 0.5 mm, the mass flow rate of the leakage was much smaller than at 0.1 mm. When the mesh size became larger than 0.2 mm, the number of total elements was only about 25% of the 0.1 mm case, whereas the leakage mass flow was only 0.2% lower. Therefore, considering the simulation time and accuracy, 0.2 mm was chosen for the mesh size of the compression chamber, whereas for the labyrinth seal, the mesh size was set to 0.02 mm.
Validation Experiment
The static labyrinth compressor test rig, shown in Figure 5 , was built to verify the feasibility of the simulation method. First, the air source compressor was started, which would compress the air to about 1.0 MPa. After the air pressure in the storage tank became stable, valve 1 and valve 2 were regulated to adjust the inlet pressure. Figure 6 shows an image of the real experimental section, and Figure 7 shows a sectional view of the test apparatus.
In the experimental section, the gas flowed into the bottom orifice, following the direction of the arrows, entered through the labyrinth seals, and then flowed out. When the gas exited from the test section, it went into the gasholder and then flowed through the nozzle flow meter. Finally, the gas was discharged into the environment. When the entire system became stable, the value of the suction temperature, the difference in water column height, the nozzle upstream gas temperature, and the environmental pressure could be measured to calculate the leakage flow rate.
The uncertainty of the test results mainly comes from the systematic errors of the acquisition and measurement equipment. According to the error of the nozzle flow meter, the relative error of the leakage mass flow rate is 2.51%. Figure 8 indicates that the leakage mass flow rate of the experimental data and the simulated results show a proportional increase with an increase in the pressure ratio when the other conditions are the same; however, the measured leakage mass flow rate was generally higher than the simulated value.
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Results Discussion
Model Validation.
The difference mainly came from the measurement error during the experiments, and the accuracy of the manufactured labyrinth cavities was lower than the ideal value set in the model; thus, the measured leakage was slightly higher. Both the experimental and the simulated results of the labyrinth leakage show a strong linear dependency with an increase in the pressure ratio and have almost the same slope. The relative error between the experimental data and simulated results was less than 10%, and thus the simulation method was shown to be reasonable.
Distribution of Pressure and Temperature.
To reveal the leakage characteristics along the clearance, a horizontal line was set in the middle of the labyrinth clearance, as shown in Figure 4 . The pressure and temperature along were monitored, the results of which are demonstrated in Figure 9 ( = 0.15 mm, = 1.5 mm, = 1.0 mm, = 0.5 mm), when the pressure ratio was 3. In the labyrinth clearance, the pressure decreased gradually, and from the inlet to the outlet, the pressure increasingly decreased, indicating that the sealing effect of the labyrinth became increasingly significant.
It can also be seen that the temperature oscillates with gradually greater amplitudes from the inlet to the outlet of the labyrinth clearance. This can be attributed to the dramatic increase in speed of the high-pressure fluid going through the tiny labyrinth clearance and the corresponding decrease in the pressure of the fluid. At the same time, its internal energy drops, and the temperature of the fluid rapidly decreases. Subsequently, when the fluid reaches the labyrinth cavity, which has an abruptly increased flow space, a vortex will form owing to the shape of the cavity, as shown in Figures 10(b) , 10(c), and 10(d), and thus the fluid velocity will suddenly decrease. Because the time of the entire process is too short to include the heat transfer, when the fluid arrives at the next labyrinth cavity, its temperature will recover to the original value. Therefore, in the labyrinth seal, the seal effect becomes increasingly significant; that is, the drop in temperature in the labyrinth seal will increase, and the kinetic energy dissipation function of the labyrinth cavity will be increasingly clearer.
From Figure 10 , we can see that, for every labyrinth between two chambers, because the outlet pressure is only 2 bar lower than the inlet pressure, the flow within the entire labyrinth seal is subsonic.
Comparison of Different Cylinder Walls.
The discharge coefficients of compressors having cylinder walls with and without labyrinth cavities, respectively, were compared under different pressure ratios, the results of which are shown in Figure 11 . Consistent with the theoretical analysis, the sealing performance of a cylinder with labyrinth cavities was better than that of a smooth cylinder, whose discharge coefficient was about 25% higher on average.
Because the small labyrinth cavities on a cylinder are difficult to fabricate, many labyrinth compressors only have a labyrinth on the piston, which is also the dominating sealing part. In further research and calculation, only the structures of a labyrinth cavity on the piston were considered, and thus the inner surface of the cylinder was a smooth wall without a labyrinth cavity to simplify the calculation (Figures 3 and 4) .
Effects of Labyrinth Cavity Parameters
Discharge Coefficient.
The discharge coefficient refers to the ratio of the actual flow to the ideal flow through a specific channel. It is a dimensionless quantity and is often used to describe the sealing efficiency [7, [16] [17] [18] [19] [26] [27] [28] [29] :
In (6), is the real leakage mass flow rate obtained through the experiments or numerical simulation, and indicates the theoretical mass flow rate for isentropic conditions:
Here, is the cross-sectional area at the outlet of the channel; 0 and 0 are the density and static pressure at the inlet of the flow channel, and is the static pressure at the outlet of the flow channel; and is the adiabatic coefficient of the working medium. The smaller the discharge coefficient, the better the labyrinth seal performance. 
4.4.2.
Clearance. In this study, varied from 0.09 to 0.35 mm. Figure 12 shows that the discharge coefficient has almost a linear growth with an increase in . The value of increased to two times that of the original when increased to 0.26 mm, indicting the significant effect of the clearance on the sealing performance. This can be attributed to the fact that when the fluid flows continuously through the labyrinth channels, a throttling occurs and the pressure drops rapidly at every tiny labyrinth clearance segment. The smaller the labyrinth clearance is, the stronger the throttling effect is, which results in a larger pressure drop when the fluid flows through the labyrinth clearance.
Moreover, as shown in Figure 13 , the fluid on the top of the labyrinth cavity entered into the next seal directly rather than into the labyrinth cavity, where the kinetic energy will be dissipated, and thus the sealing efficiency under a wider clearance will be worse.
is unable to be unlimitedly narrowed in a real application owing to the assembly feasibility, and thus achieving the minimum value within the reasonable scope is of great importance for sealing. For reciprocating labyrinth piston compressors in a real application, the labyrinth clearance should be no less than 0.1 mm, or a direct contact between the piston and cylinder wall could occur, and the inner wall of the cylinder and the piston wall will both be destroyed.
Number of Labyrinth Cavities.
If the total length of the labyrinth clearance is constant, the tooth thickness will directly influence the number of labyrinth cavities on the piston. Let the size and shape of the labyrinth cavity remain the same, and then decrease from 150 to 0.1 mm; the number of labyrinth cavities will then increase from 0 to 62, with a constant uniform distribution on the piston. Figure 14 illustrates that, with an increase in the number of labyrinth cavities to 62, decreases gradually by around 36%. The minimum value of was 0.1 mm, the corresponding cavity number was 62, and the discharge coefficient was 0.259; when the maximum thickness was 150 mm, no labyrinth cavities were present on the piston, and was 0.409. On average, one added cavity will lead to about a 0.58% decrease in .
Cavity Width.
The labyrinth cavity studied consists of two sloping edges and a circular groove at the bottom of the cavity, as shown in Figure 15 . The effects of the cavity width on the leakage characteristics were investigated by changing the circle radius of the bottom groove to allow the cavity width to "zoom out" or "zoom in," as shown in Figure 16 .
When the value of / changed from 8 to 14, the variation of was as shown in Figure 17 . With the increase in / , increased slightly from 0.287 to 0.301, which is only 4.88%; that is, the labyrinth leakage rate increased very slightly. The velocity fields for / = 8 and 14 are shown in Figure 18 . When the depth of the labyrinth cavity was the same, the larger width led to a larger cavity, and thus the flow vortex was more drastic. Nevertheless, the larger the cavity width, the smaller the number of cavities when the whole length covered for the labyrinth seal in the piston was the same, and thus, in total, compared with the effect of the labyrinth clearance and the influence of the tooth thickness, the effect of the cavity width was insignificant. It can be concluded that changing only the size of the cavity width has a negligible influence on the labyrinth leakage.
Cavity Depth.
The approach in studying the effect of the labyrinth cavity depth is similar to that of the cavity width: keep the slope angle of the cavity unchanged, simply change the circle radius of the groove, and "draw" the labyrinth cavity deeper or "compress" the cavity shallower. When = 0.5 ∼ 1.3mm, the labyrinth cavity sides were straight, but when < 0.5 mm, the straight sides no longer existed, and therefore the corresponding radius of a small arc is taken directly as the labyrinth cavity, as shown in Figure 19(a) . When > 1.3 mm, a circular cavity groove could not be formed, and thus the labyrinth cavities were formed directly according to the values of and , as illustrated in Figure 19(b) . Figure 20 shows that when / changed incrementally from 0.6 to 2.7, showed a sharp decline from 0.486 to 0.282, indicating that the effect of the labyrinth seal was further enhanced more clearly with an increase in / . As Figure 21 (a) shows, when / = 2, the gas could not form an entire eddy within the cavity, and thus the dissipation of the kinetic energy was insufficient, and the seal efficiency was quite low.
It can also be seen that, when / increased further, remained nearly unchanged at approximately 0.28. This can be explained as a vortex forming only in the upper head of the labyrinth chamber, as shown in Figure 21 / reaches 2.7, the sealing performance will be the highest, and no benefit can be achieved if the cavity is made deeper.
Conclusions
(1) The leakage flow rate through the labyrinth seals was shown to reduce linearly with a decrease in the clearance. When the clearance increased from 0.09 to 0.35 mm, the discharge coefficient increased from 0.221 to 0.459. Thus, it is important to make sure that the clearance is as small as possible when designing and assembling a labyrinth piston in practice.
(2) The value of gradually decreased by 36.7% when the number of labyrinth cavities increased from zero to 62, and thus when the length of the labyrinth seal is constant and the shape of the labyrinth cavity is the same, the smaller the tooth thickness, the greater the number of labyrinth cavities and the higher the efficiency of the labyrinth seal that is achieved.
(3) The effect of the cavity width was not significant compared with the influence of the labyrinth clearance and the tooth thickness. Only a total change of 4.88% occurred for when / increased by 75%. However, because the cavity width influences the number of cavities in a piston and determines the shape of the labyrinth cavity, the value of should also be preferably controlled.
(4) For the cavity depth, when / < 2.7, there was a sharp decline of ; namely, the seal efficiency clearly increased with an increase in ; however, if the cavity depth increased further, would barely change. Thus, / should not be less than 2.7. After / reaches 2.7, further increasing this value, however, will not bring about any advantages in the sealing performance. 
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